Morphology
Cellulose nanocrystals (CNCs) are derived from the renewable polymer, cellulose, through acid hydrolysis by concentrated sulphuric acid, first reported by Rånby (Rånby 1949) . This material has well-defined size and morphology (Klemm, et al. 2011) , high specific surface area (Morandi, et al. 2009 ), high aspect ratio, high crystalline order and chirality, superior mechanical strength, and controllable surface chemistry (Habibi, et al. 2010 ). In addition, CNCs are relatively cheap, renewable, biodegradable, non-toxic (Kovacs, et al. 2010; Kümmerer, et al. 2011) , and accessible industrially in large scale. These properties of CNCs have made them applicable in diverse fields, for example, production of iridescent and birefringent films (Revol, et al. 1992) , reinforcing fillers in plastics and polymers (Dufresne 2010; Habibi, et al. 2010; Kloser, Gray 2010) , support for nanoparticles (Cirtiu, et al. 2011; Padalkar, et al. 2010) , and paper, food, cosmetic and pharmaceutical industry (Habibi, et al. 2010) . The knowledge of exact size and morphology of CNCs plays a very important role in the development of all these applications. In addition, the development of several processes for the production of CNCs (vide infra), calls for a systematic and robust method of analyzing these properties (Klemm, et al. 2011) .
Scanning electron microscopy (SEM), transmission electron microscopy (TEM) and atomic force microscopy (AFM) are the classical techniques used to determine the shape and size of these nanocrystals. In this context, TEM offers several advantages: its resolution is well adapted for the imaging of CNCs, it is a milder technique than SEM in terms of flux of electrons received by the sample, it allows visualization of individual particles, and the sampling techniques are easy, reproducible, and tunable depending on the selected TEM grids. However, despite the ubiquitous use of TEM for CNC characterization, there are still challenges associated with its use. This paper proposes a straightforward method of imaging CNCs by TEM, without staining. In doing so, we explored the properties of CNCs in terms of drying process, of pH, and functionalization, and demonstrated that the size and shape of CNCs are robust features.
CNCs, being organic matter, are not as electron dense as metal nanoparticles, and are susceptible to burning upon long electron beam exposure. Hence, TEM imaging of CNCs has often involved negative staining with uranyl acetate (Kvien, et al. 2005 ), a relatively expensive and toxic heavy metal salt (Nakakoshi, et al. 2011) . Staining poses aggregation problem in the drying step. In addition, when characterizing CNC-containing hybrid structures (for instance CNC-supported metal nanoparticles), staining interferes with accurate image analysis (Cirtiu, et al. 2011) . A few unstained images have been reported in the past, but they suffered from poor contrast and no systematic method has been reported.
Herein, we report a method for taking TEM images of CNCs in detail, covering various aspects of ascertaining high quality images, such as method of preparation of TEM grids, dispersion of CNCs on the grid, types of TEM grids used, low dose versus high resolution (HR) TEM, and preventing damage to the CNC sample under electron beam while using a high resolution and/or high voltage TEM. This work also looks into morphology differences depending on the drying method. The size and morphology of this biopolymer depends on the source of cellulose and the method of preparation, where the key conditions include: the type and concentration of the acid used for hydrolysis, reaction time and temperature, and method of drying (Habibi, et al. 2010; Klemm, et al. 2011) . The usual methods of drying (Peng, et al. 2012a) used for the preparation of CNCs are: (1) oven drying, (2) freeze drying (FD), (3) supercritical drying (SCD), and (4) spray-drying (SD). It has been reported that freezedried CNCs are fibre/rod-like whereas spray-dried CNCs are spherical or mushroom shaped (Peng, et al. 2012a; Peng, et al. 2012b; Peng, et al. 2013) ; (Ramanen, et al. 2012) . We investigated in detail TEM sampling and imaging for CNC samples with distinct drying history. We compared never-dried samples (samples that were not dried after synthesis), spray-dried and freeze-dried samples. We demonstrated that all samples possess the same nanorod morphology, provided they are dispersed properly.
Materials and Methods

Materials and equipment
Never-dried CNCs were prepared from wood pulps (Q90 and bHKP, FPInnovations). FPInnovations also provided dried CNC samples: freeze-dried and spray-dried, the freeze-drying or spray-drying process being performed by FPinnovations. No further treatment was performed before imaging on these samples, unless specified otherwise. For the manipulation of pH, hydrochloric acid (0.01M) was provided by Fluka Analytical. To redisperse dried CNC samples in suspension, the Sonics & Materials Inc. Vibra-Cell VC1500 ultrasonicator (220V, 15A, 1500W, 20 kHz) was used. The Metrohm Titrando (836 base, 804 Ti stand, and 802 stirrer) autotitrator was used for attaining various pH values. The transmission electron microscopy (TEM) samples were deposited on 400 mesh copper grids coated with silicon monoxide, formvar, and carbon. All three were supplied by Electron Microscopy Sciences. The analyses were performed on a Tecnai 12 microscope (FEI electron optics) and a Lab6 filament at 120kV, and a Gatan 792 Bioscan 1k x 1k Wide Angle Multiscan CCD Camera (Gatan Inc.); and an FEI G2 F20 Cryo-S/TEM microscope (FEI, Inc) at 200kV, equipped with a Gatan Ultrascan 4k x 4k Digital (CCD) Camera System at different magnifications corresponding to different pixel size (defocus level ranging from − 2.5 to − 4.5 μm). High pressure reactions were performed on Parr Instrument 5000 Series Multiple Reactor System.
Preparation of CNCs for never-dried samples
Based on the method developed by Dong et al. (Dong, et al. 1998) , CNCs were prepared from wood pulp. A 500 ml aqueous solution of H 2 SO 4 (60% w/w) was preheated to 45ºC and stirred with an overhead rotating paddle at 200 RPM. To this solution, a 100 ml suspension of Q90 and bHKP wood pulp (obtained as wet pulp samples from the manufacturer) at a 1:1 volume ratio were added. After 60 minutes, the suspension turned beige in colour. To quench this reaction, 1 l of water was added. By centrifugation, the supernatant was removed and more fresh water was added to repeat the washing. After four washings by centrifugation, the sediments became more loosely packed. At this stage, the sediments were collected and dialyzed with deionised water for 5 days under constant stirring. The resulting suspension was cast into films and weighed to determine the concentration of CNCs in water.
Sample preparation for TEM imaging
In the case of never-dried CNCs, the samples were already suspended in water. As for freeze-dried and spray-dried CNCs, samples were weighed and mixed with a known amount of deionised water. All three types of CNCs were dispersed uniformly in water by ultrasonication at 60% output, for about 20-25 seconds, until turbidity was visibly reduced and no macroscopic particles could be seen. Their concentrations ranged between 0.1% w/w and 0.3% w/w. The samples were either used as is (pH 5-6) or the pH of the samples was set to 3.5 by autotitration. One drop of each sample was then deposited onto either a carbon, formvar, or silicon monoxide coated grid. After 1 minute, the water drop was removed by dabbing with a tissue paper. CNC single rod size was determined by manually measuring 1000 single rods with the help of imageJ software (version 1.48e). For comparison purposes, never-dried CNCs at pH 3.5 were stained with uranyl acetate and imaged. The staining was done according to the protocols already available in the literature (Qua, et al. 2011 ).
Synthesis of Pd nanoparticles onto CNCs (PdNPs@CNCs)
This method was adapted from Cirtiu et.al. (2011) . A suspension of 500 mg of CNCs in 50 ml HCl solution at pH 2 was mixed with 50 ml of saturated PdCl 2 acidic solution (pH adjusted to 2 with dilute HCl). The mixture was stirred for 10 min to homogenize the suspension. The final concentration of PdCl 2 was 0.75x10 -3 M, while the CNC concentration in the mixture was 0.5% w/w. Then, the mixture was placed under 4 bars of hydrogen gas for 2 hours at room temperature to obtain PdNPs@CNCs.
Low dose and high resolution transmission electron microscopy
The low dose and high resolution (HR-TEM) transmission electron microscopy were carried out on an FEI G2 F20 Cryo-STEM microscope (FEI, Inc) at 200 kV. At this high voltage, the CNCs are more prone to be damaged by the electron beam. Therefore, it is advisable to use the microscope at low dose TEM for organic polymers. Low-dose imaging is carried out by locating an area of interest on the grid surface and determining the appropriate focus without significantly exposing the location to be imaged to high electron beam. This microscope has preinstalled low dose software, which was used to get the TEM image of freeze-dried CNCs on carbon grid at pH 5-6. An image with good focus and contrast can also be achieved without using the low dose software. Using the HR-TEM, the intensity of the electron beam was lowered to reduce the number of electrons striking the sample and the objective aperture was reduced from 100 to 40, to get a better contrast, where necessary, for some of the samples.
Results
For this work, we imaged CNCs while varying the following parameters: drying history, pH of the suspension and TEM grids. CNC suspensions were synthesized in the lab, sampled directly and referred to as "never-dried". Freeze-dried and spray-dried CNCs were ordered from FPinnovations and resuspended prior to sampling. All our TEM observations are summarized in table 1 based on Fig 1, Fig 2, Fig 4, Fig 5, Fig 6 and Fig  S1 to Fig S14 (supplementary info) .
Optimization of dispersion conditions for TEM imaging: pH and grid type
In a first step, optimization of imaging conditions was performed on never-dried CNCs samples. Their pH values ranged between 5 and 6. At this pH and concentration, TEM images featured individual rods and aggregated ones (Fig 1, Table 1 ). In order to improve dispersion, the pH was lowered to 3.5 using dilute hydrochloric acid (0.01N). The larger aggregates came apart, smaller bundles were observed and individual CNCs could be seen in larger proportion.
CNCs were also imaged using three different types of grid coating: carbon, formvar and silicon monoxide. Imaging was impacted by this parameter as well. The formvar grids have a hydrophobic surface. On this substrate, single rods came together in large aggregates and were no longer observable individually. On the carbon grid, dispersion improved. On the hydrophilic silicon monoxide coated grids, the dispersion was maximized. Fig 1 and Fig 2 compare never-dried CNCs at pH 5-6 on the three types of grids and clearly show this trend. Fig 3 summarizes the size distribution, in length Table 2 . Both histograms and average values show a clear trend: the more hydrophilic the grid, the smaller the particles measured, both in length and in width. For instance, silicon monoxide grids featured a CNC length of 149 nm, while this value was 211 for carbon coated ones and 250 for formvar. The trend was even more pronounced for CNC width with values of 5.2, 8.8 and 19.1 nm for silicon monoxide, carbon and formvar coating respectively. This is consistent with the fact that bundles composed of a small number of CNC rods are more numerous in a hydrophobic environment. This phenomenon is more visible when looking at the CNC width compared to length, because high aspect ratio CNCs favorably aggregate laterally.
To compare our methodology with the earlier methods of staining prior to imaging the CNCs, we also counted approximately 200 single rods after staining with uranyl the never-dried CNCs at pH 3.5 on carbon grid. TEM images and a histogram for size distribution in this case have been included in the supplementary info (Fig S1, S2,  S3 and S4) . The average width and length came out to be 9.1 ± 3.2 nm and 248 ± 72 nm, respectively. These values are comparable, but both higher than the values obtained in this article without staining (Table 2) . Also, in stained samples, we observed more large clusters than unstained samples, confirming that staining favors aggregation. 
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The impact of CNC drying history on TEM imaging
Fig 4 compares the never-dried, freeze-dried and spraydried samples on carbon grid, at pH 5-6. Never-dried samples exhibited the best dispersion. Single rods were observed in all three types of CNCs. Never-dried CNCs featured more single rods than the others. On Fig 4 we compared the typical width of the bundles observed in the three samples, as a measure of aggregation. These values are characteristic of what we observed over analysis of dozens of images. Spray-dried CNCs, with a typical CNCs bundle width of 168 nm featured a much enhanced aggregation behavior than both never-dried (29 nm) and freeze-dried (33 nm). This conclusion is actually consistent with the fact that spray-dried CNCs revealed to be more difficult to disperse than freeze-dried or neverdried counterparts. In general, spray-dried CNC suspensions were allowed to be redispersed at room temperature for more than a week before being imaged. Increasing ultrasonication times prior to sampling did not improve dispersion of these samples, demonstrating that drying history impacted irreversibly the dispersion properties of CNCs. These results are also consistent with the work done by Beck et al. (Beck et al. 2012 ) where they observe difference in aggregate sizes due to the different drying history of CNCs. Upon varying the sampling conditions and samples, we did observe one other kind of structure, entirely different from the rods or rod bundles discussed above (Fig 5,  Table 1 ). When imaging spray-dried samples, large circles of between 100 to 200 nm in size, and featuring a much higher contrast than the rods, were observed. This morphology was exclusively observed in spray-dried samples, either on formvar grids, or on carbon grids when the dispersion was not complete, namely when the suspensions were prepared only a day before sampling and not a week. Interestingly, if silicon monoxide coated grids were used instead of formvar coated grids, the spray-dried CNCs were always observed to be rod-like. These results are consistent with the idea that the circles are constituted of dense pockets of CNCs brought together during the drying process on the grid. Formvar is hydrophobic and can encourage the formation of water nano-droplets rich in CNCs, causing these morphologies.
Aggregation of CNCs, either caused by drying method (spray-dried vs other samples), by poor resuspension, or by inappropriate grid coating (formvar vs silicon monoxide) favored a similar mechanism. These structures have been observed by others and referred to as mushrooms. Previous reports established that never-dried and freeze-dried CNCs were fibre/rod-like whereas spray-dried CNCs were spherical or mushroom-shaped (Peng, et al. 2012b ). While we did observe the mushroom structures, our results demonstrate that such a structure is an artifact of sampling, caused by poor distribution on the TEM grid. All CNC samples, regardless of drying history are clearly rod-shaped. This example illustrates the importance of carefully preparing samples prior to TEM imaging.
Comparison of TEM images of CNCs under high resolution and low dose microscopy
It is a common practice to carry out a low dose TEM when the sample is an organic polymer, so that the electron beam does not destroy the sample. CNCs may burn under the high density electron beam while performing HR-TEM. There are two ways to save the sample from getting destroyed: (1) use of low dose TEM using preinstalled software in the microscope, and, (2) playing with the intensity of the electron beam on HR-TEM; so that the sample is prevented from burning. As seen in Fig 6, obtaining good images from both methods was possible, as long as the electron beam did not damage the sample.
Morphology of modified/decorated CNCs with palladium nanoparticles (PdNPs@CNCs)
At last, samples were prepared where CNCs were used as support for palladium nanoparticles. Staining with heavy metal salts is not appropriate for the characterization of such hybrid systems, because it would hinder the metal nanoparticles (Cirtiu, et al. 2011) . Fig 7 shows a TEM image of PdNPs@CNCs without any staining. Here, it was important to take the image at lesser acquisition times and a large defocus value. The presence of Pd could indeed induce damage of CNCs under the electron beam. Under these conditions, both the CNCs and the Pd NPs were clearly visible. A close examination of this image revealed that, as published before (Cirtiu, et al. 2011) , Pd NPs are mostly present onto CNCs. It is important to note, however, that because of the need to defocus the image to observe the CNCs, the size of Pd NPs, as seen on the image, is over-estimated. Some particles appear white, as a consequence of the same effect.
Discussion
Transmission electron microscopy is a convenient technique for imaging CNCs by passing electrons across a grid on which a dried sample rests. In the case of dry materials, a reliable and representative image can be obtained, one that describes the system accurately. However, when the aim is to study systems such as colloidal suspensions, it becomes important to take aggregation phenomena into consideration as the specimen dries. As shown above, CNCs were optimally imaged when the sample had never been dried and deposited onto a hydrophilic grid, ideally silicon monoxide-coated. The more common and affordable carbon-coated grids also provided reliable results in the majority of cases. Besides, these results showed that never-dried samples were the easiest to disperse on the grid, followed by freeze-dried and then spray-dried. Freeze-drying is less likely to strongly bind individual CNC nanorods together than spray-drying. In any case and regardless of the history of the CNCs, the material itself was always a rod-like, high aspect ratio nanoparticle. As a general trend, the population of individual rods decreased with increasing pH, increasing hydrophobicity of the grid coating and increasing particle packing upon drying ( Table 1) . Never-dried CNCs were better-dispersed and single rods were more numerous in these samples. For freeze-dried CNCs, single rods, small clusters and large aggregates were present. For freezedried samples, aggregation depended on the concentration of suspensions used while freeze drying, as discussed by Cervin et al (Cervin, et al. 2011 ). Thanks to the high quality and resolution of the images observed, we were able to size individual rods of CNCs (Fig 8) . 1000 single rods were counted for never-dried CNCs at pH 3.5 on a carbon grid. We measured them to be 9.7 ± 4.4 nm in width and 216 ± 82 nm in length, consistent with reported values (Habibi, et al. 2010 ).
We also demonstrated that never-dried, freeze-dried and spray-dried are all rod shaped. If dispersed properly, never-dried, spray-dried as well as freeze-dried CNCs appear very similar. The mushroom-structure was occasionally observed, but we showed it is an artifact of drying; as improved dispersion sufficed to break them apart and reveal the presence of rods. This result is also in accordance with the TEM studies done with carbon nanotubes (Boccaccini, et al. 2006; Wang, et al. 2000) and various types of inorganic nanoparticles, such as ZnO (Hu, et al. 2010 ) and Au nanoparticles (Westcott, et al. 1998) , where the importance of dispersion of the sample is stressed while imaging these nanoparticles. The type of morphology observed by TEM depends on how well the sample has been dispersed in the suspension, which in turn depends upon the drying history of the CNCs, interaction between the CNCs and the surface of the grid, and the rate of evaporation.
In this work, we demonstrated that that negative staining with heavy metals can be avoided by a careful tuning of TEM parameters. We provided above clear indications and details. We also showed that good images could be obtained with voltages of 120kV or 200kV, a low voltage being recommended for sample conservation during long exposure. An increased potential did not allow for greater contrast or sharpness. The most important part of the procedure is to prepare the samples with diligence and thoroughness. Appropriate dispersion of the CNC sample is critical to get high quality and reproducible images, which is, in turn, important to carry out statistical measurement on size and morphology of the CNCs. Silicon monoxide grids are better for sample preparation as they are hydrophilic and prevent aggregation on the grid itself. Nevertheless, this work showed that the carbon grids could be used with success as well.
Conclusions
This work emphasizes the importance of a wellestablished methodology for electron microscopy imaging of CNCs. These results clearly demonstrate the importance of controlling the sampling method, especially during sample drying on the TEM grid. We provide in this article a clear methodology to perform TEM of CNCs in a reliable and reproducible fashion by controlling the pH, the grid properties and the sample suspension. This work revealed that never-dried, freezedried and spray-dried all exist as rod structures, with a size of 9.7 ± 4.4 nm in width and 216 ± 82 nm in length, in the case of never-dried samples. An important conclusion to draw from this work is that expensive and toxic heavy metal stains are unnecessary for imaging. Low-dose and high resolution TEM were also compared and discussed.
